Prior work has demonstrated that unilateral lesions of the nucleus basalis of Meynert (NbM) in ba boons induce a marked reduction in glucose utilization of the ipsilateral cerebral cortex, linearly proportional to the depression in cortical choline acetyltransferase (ChAT) activity achieved. Unexpectedly, there was also marked hypometabolism of the contralateral cerebral cortex, and glucose utilization recovered gradually on both sides de spite persistent deficit in cortical ChAT activity. To in vestigate the role of the corpus callosum (CC) in this bi lateral metabolic effect and subsequent recovery, three baboons were subjected to unilateral electrolytic NbM lesion >3 months following section of the anterior CC. Brain glucose utilization was sequentially studied by pos-
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The nucleus basalis of Meynert (NbM) is the ma jor source of cholinergic projections to the cerebral cortex (Mesulam and Van Hoesen, 1976 ) and is con sistently involved in dementia of the Alzheimer type (Ezrin-Waters and Resch, 1986; Salamone, 1986; Olton and Wenk, 1987) . The effects of cholin ergic deafferentation, obtained by unilateral stereo taxic NbM lesions, on the energy metabolism of the cerebral cortex are of interest because both cortical glucose utilization and oxygen consumption are re-itron emission tomography; ChAT activity was measured and histological sections obtained after death. In these animals, the NbM lesion also induced significant meta bolic depression over the ipsilateral cortex, proportional to the reduction in ChAT activity. Corpus callosotomy did not prevent the contralateral metabolic effects, sug gesting that the latter do not normally operate through the Cc. However, there was no significant recovery of glu cose utilization, suggesting that, following unilateral NbM lesion, the CC normally mediates, at least in part, the recovery of cortical glucose utilization. Key Words: Choline acetyl transferase-Corpus callosum-Nucleus basalis of Meynert. duced in dementia of the Alzheimer type (Frackow iak et al., 1981; Haxby et al., 1988) . In the rat, this experimental lesion induces a marked hypometab olism of the ipsilateral cortex (London et al., 1984; Orzi et al., 1986) . In baboons, serial observations using positron emission tomography (PET) not only revealed this ipsilateral metabolic effect, but also demonstrated a more unexpected depression of glu cose utilization in the contralateral cerebral cortex (Kiyosawa et al., 1987 (Kiyosawa et al., , 1989 ). In addition, as in the rat, there was a gradual, almost complete recovery of brain metabolism despite a sustained decrease in ipsilateral choline acetyltransferase (ChAT) (Kiyo sawa et al., 1989) . It was speculated that the corpus callosum (CC) could mediate both the contralateral hypometabolism and the subsequent recovery, im plying mechanisms such as transcallosal diaschi sis and reinnervation (for review see Feeney and Baron, 1986) .
To investigate this hypothesis, serial assessments of cortical glucose utilization following unilateral NbM lesions with final measurement of cortical ChAT activity were performed in three baboons in which the CC had been almost entirely sectioned several months earlier.
MATERIALS AND METHODS
Three young adult male baboons (Papio papio), weigh ing between 7 and 9 kg, were studied. According to the stereotaxic atlas of Riche et ai. (1968) , an anterior two thirds to three-fourths CC section was performed 157, 224, and 140 days before the NbM operation in animal nos. 1, 2, and 3, respectively. The technical details of the CC operation have been described elsewhere (Magni et ai., 1960; Fukuda et al., 1988; Yamaguchi et aI., 1990) . Stereotaxic partial electrocoagulation of the NbM as de fined by the coordinates of Riche et ai. (1968;  interca lated points at A 23-26, L 4-8, H + 2-+ 4) was performed under barbiturate anesthesia (Kiyosawa et aI., 1987 (Kiyosawa et aI., , 1989 on the side used for the surgical approach to the CC (i.e., on the right side in baboon nos. 1 and 2 and on the left in baboon no. 3).
The CMR g \c was measured using the ECAT-II single slice PET device (lateral resolution 17 mm; axial resolu tion 19 mm) and the [18F]fluorodeoxyglucose (FDG) tech nique before and 4, 11, 25, and 39 days after NbM elec trocoagulation. The measurements were made under light anesthesia (N20I02, 66:33%; phencyclidine, 7 lLg/kg/min) under conditions of muscular relaxation, controlled ven tilation, and normothermia (Kiyosawa et aI., 1987 (Kiyosawa et aI., , 1989 . This anesthetic regimen is known to induce no apprecia ble metabolic effect in the baboon neocortex but yet pro vides adequate dissociative anesthesia (Fitch et aI., 1978) . At each sequential study, the baboon's head was care fully positioned using a specially designed head holder equipped with ear bars and a submandibular orientable plastic frame. Following the intravenous injection of 2.3-4.6 mCi of FDG, serial PET scanning was performed at the level + 15 mm above and parallel to the canthomeatal line to calculate kinetic rate constants of FDG (Kj, k�, and kV using the PET procedure and the fitting method described by Mazoyer et ai. (1986) and Kiyosawa et ai. (1989) , which incorporates a fixed value of 5 mUlOO ml for the cerebral blood volume; subsequently, three single scans at levels canthomeatal line + 5, + 10, and + 20 mm were obtained. Because of presumably negligible glucose-6-phosphatase activity in brain within the 60 min of our dynamic PET scanning (Nelson et aI., 1985) , fitting for kl was not attempted. The kf values measured in this way showed no significant difference, either compared with the values previously determined in our institute (Kiyosawa et aI., 1989) or among the time sequences in this study. Thus, quantitative maps of CMR g 1c were ob tained by applying on a pixel-by-pixel basis the "in vivo" autoradiographic operational equation of Phelps et ai. (1979) with the previously obtained "standard" kf values (Kj = 0.088, k� = 0.116, kj = 0.0499). Since kl for FDG has not been determined previously in subhuman primates, and because using an arbitrarily fixed value would have simply resulted in scaling of CMRg\c values, it was assumed as zero in this procedure. A value of 0.42 for the lumped constant, determined originally in humans, was used (Phelps et al., 1979) because this scaling factor has never been measured in the baboon. The plasma glu cose content was measured four times at each study and averaged. Regional CMR g 1c values were obtained with reference to the anatomical atlas of the baboon's brain specially defined in the canthomeatal plane for PET use (Riche et aI., 1988) . Regions of interest of a circular (1.7-cm 2 ) shape were placed on the "frontal," the "frontotemporal," the "parietal," and the "occipital" areas, according to the previously described procedure (Kiyosawa et aI., 1989) . Forty-two to 44 days after NbM electrocoagulation, the baboons were killed by intravenous injection of saturated KCl under anesthesia. The brain was quickly removed and immediately dissected on ice under continuous hu midification. Samples from several gyri (the mediofron tal, the superotemporal, the inferoparietal, and the occip ital) were obtained bilaterally and referred to as "frontal," "temporal," "parietal," and "occipital" cor tices, respectively. Each tissue sample was immediately frozen on dry ice and kept at -80°C until assayed. ChAT activity was measured according to Fonnum (1969) after homogenization of the tissues in a small volume of Tritonl ethylenediaminetetraacetate (0.5%/10 mM, pH 7.4) by sonication at 4°C. Proteins were determined as previously described (Lowry et al., 1951) . After sampling for the cortical tissues as described above, the brain was fixed in 10% formalin for several weeks. Serial coronal cutting of the brain was then performed and sections stained with cresyl violet were examined under the microscope to ver ify the efficacy, and evaluate the extent, of both the cal losal section (Yamaguchi et aI., 1990) and the NbM le sion. Using a Biocom-Rag 200 image analyzer (Les Ulis, France), approximate quaQtitation of the extent of the NbM lesion was obtained by coronal reconstruction, by calculating in each section the area of the lesion summing over the entire length of sampling, and relating the total volume to that of the contralateral intact structure.
Statistical analysis was performed on the regional CMR g lc values using analysis of variance (ANOV A) with or without repetition. The fixed design of the present study allowed an adequate statistical power despite the small number of animals. Linear regression between CMR g lc and ChAT activity data was examined by Pear son's test.
RESULTS
As shown by postmortem neuropathological study, both the callosal section and the NbM elec trocoagulation were successful in each animal. Rough quantitative estimation showed anterior two thirds, three-fourths, and two-thirds CC section in baboon nos. 1, 2, and 3, respectively (see Yamagu chi et aI., 1990, for details). Minor additional con tusion of the anterior cingulate cortex on the side of surgical approach to the CC was constantly ob served (see Yamaguchi et al., 1990) . The NbM was lesioned in each of the three animals; on the coronal sections, the lesions consisted of contiguous or co alescent foci of necrosis (approximate area 10--50 mm 2 ) affecting the NbM throughout its whole ex-tent; the total lesion size was -20, 40, and 60% in baboon nos. 1, 2, and 3, respectively. Table 1 shows the individual regional CMRglc val ues at each time point and for each of the three operated baboons. In baboon no. 1, there was an initial metabolic reduction (days 4 and 11) in both hemispheres with only slight metabolic asymmetry and subsequent complete recovery (days 25 and 39). The other two animals also revealed initial bi lateral metabolic reduction, this time much more profound in the ipsilateral anterior brain regions and without obvious recovery. The data shown in Table  1 were subjected to a four-way layout ANOV A without repetition (factors: time, region, animal, and side), which revealed significant time, region, and animal effects (p < 0.005 for each) with a sig nificant time-animal interaction (p < 0.0001); step down analysis by the least and the wholly signifi cant differences showed that these effects were due mainly to day 11 values being lower than day 0, frontotemporal metabolism lower than occipital, and animal no. 1 less affected than animal nos. 2 and 3 (p < 0.05 for each). Confirmation of these findings was given by a two-way layout ANOV A with repetition performed on the values of each hemisphere (two factors: time and region), which showed significant time and factor effects, with day 11 values lower than day 0 by wholly significant differences on each side (p < 0.05-0.001).
The regional cortical metabolic asymmetries (ip silateraUcontralateral) are shown in Table 2 for each animal and each time point. The two-way ANOV A with repetition design showed significant time (p < 0.05) and region (p < 0.001) effects; the wholly sig nificant difference demonstrated that these results were due mainly to day 11 being lower than day 0 values (p < 0.05) and frontal and frontotemporal values being lower than occipital values (p < 0.01 for both). Table 3 shows the regional ChAT activity values in each animal. Across animals, the mean reduction in ChAT activity relative to the control (unoperat ed) side was 21, 29, 4, and 4% in the frontal, fron totemporal, parietal, and occipital cortex, respec tively; as noted previously (Kiyosawa et al., 1989) , it was more marked in the anterior brain regions than in the posterior ones. The magnitude of this effect in each animal corresponded roughly to the extent of the NbM lesion determined histologically; across regions, the mean reduction of cortical ChAT activity and the NbM lesion extent were 14.5, 18, and 31% and 20, 40 , and 60% in baboon nos. 1, 2, and 3, respectively. Table 4 shows the correlation coefficients found between regional ChAT asymmetries (measured at a single time, following death) and two different measures of the corresponding regional metabolic effect (measured at four time points following NbM lesion): (a) the CMR g lc decrease (calculated relative to the corresponding individual pre-NbM lesion value) and (b) the CMR g lc asymmetries (see above). A significant positive correlation between ChAT asymmetry and CMR g lc decrease was found only in the ipsilateral hemisphere and for day 25. The re gression analysis between ChAT asymmetry and lesion values] and between regional ChAT activity asymmetries and corresponding CMR g lc asymmetries, calculated on 11 data pairs in three baboons CMR g lc asymmetry revealed a positive relationship for each time point, which was statistically signifi cant for days 4, 11, and 25 (p < 0.02-0.05), but not for day 39. Figure 1 illustrates these findings for the day 25 data.
DISCUSSION
Despite the small number of animals, the rigid design of this study allowed consistent statistical significance to be reached. The cerebral metabolic effects of unilateral NbM lesion in anterior callo sotomized baboons, studied here for the first time, can be summarized as follows: first, there was a sig nificant initial reduction of CMR glc in both hemi spheres, which predominated in the ipsilateral hemisphere (as shown by the significant metabolic asymmetries) and in the anterior parts of the brain ("frontal" and "frontotemporal" areas). Second, there was no significant trend for recovery of CMR g lc over the 39 days of follow-up and only a slight, statistically marginal trend for recovery of initial metabolic asymmetries. Last, these meta bolic effects of NbM lesion varied between the three animals, with animal no. 1 being less affected, in terms of both CMR g lc values and metabolic asym metries, than animal nos. 2 and 3, consistent with the interanimal differences found in the histological and neurochemical indexes of NbM lesion efficacy (see Table 3 ). These relationships between the ipsi lateral cortical metabolic and neurochemical effects of NbM lesions were illustrated by the significant positive correlations observed between reductions (or asymmetries) in CMR g lc' as measured in vivo at days 4, 11, and 25 postlesion, and ChAT asymme tries, as measured postmortem; although, as a re sult of small sample size, mUltiple linear regressions were performed among data that may not be inde-
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The relative CMRglc decrease was calculated as [(postlesion/ prelesion) -1] x 100. The regression line using 11 data pairs is shown for animal nos. 1 ( . ), 2 (&), and 3 (.). There was a significant linear correlation between the data, shown as a straight line, such that y = 0.352x -2.834 (r = 0.62, P < 0.05). Bottom: Correlation between corresponding regional cortical ChAT and CMRglc asymmetries measured at day 25 post NbM lesion in three baboons (same symbols as above).
The regression line shown is of the form y = 0.228x -3.38 (r = 0.65, P < 0.05).
pendent, the biologic significance of the observed correlations is supported not only by the biologi cally expected direction of the relationships found, but also by their consistence with earlier reports on cholinergic-deafferentated structures in the rat brain (Kelly et aI., 1985; Motohashi et aI., 1986) . These results are also similar to the findings of colleagues (1987, 1989) in that uni lateral NbM lesions also reduced cortical glucose utilization bilaterally, more so ipsilaterally and an teriorly, with the early ipsilateral metabolic effects being proportional to the reduction in cortical ChAT activity. In the present study, significant lin ear correlations between the reductions in CMR g lc and in ChAT were observed until day 25 and in volved not only decreases but also asymmetries in cortical metabolism; these differences with our ear-lier study (Kiyosawa et aI., 1989) could be due to prior callosotomy-which apparently delays the metabolic effects of cholinergic deaffe rentation (see below), chance variations due to small sample sizes, or both.
In terms of effects in the cerebral cortex, the main difference from the earlier study is the lack of significant metabolic recovery here. Although fol low-up was limited to 39 days in the present work, most of the metabolic recovery had already oc curred by this time in our previous investigation (Kiyosawa et aI., 1989) , while the fixed design of the present, yet shorter study should have allowed statistical demonstration of recovery. Also, the ini tial metabolic reduction was less profound in the present study [i.e., the mean decrease in CMR g lc at day 4 in the frontotemporal region was 22% com pared with 42% in the study by Kiyosawa et ai. (1989) ], presumably a reflection of less severe cho linergic deafferentation, as shown by lesser ChAT activity decreases. Despite these reservations, our results suggest that prior callosotomy either pre vented or significantly delayed the normally occur ring metabolic recovery. This in tum suggests that the CC, through a mechanism that may involve reinnervation or sprouting, normally mediates, at least in part, the recovery of cortical hypometabo lism following unilateral NbM lesions.
The second main observation of the present work is that prior callosotomy did not prevent the effects of unilateral NbM lesion on contralateral cortical metabolism, arguing against the "transcallosal de pression of function" hypothesis put forward pre viously to explain this effect (Kiyosawa et aI., 1989) . "Transcallosal diaschisis" has long been im plicated in the reductions in electrophysiological re sponses (Kempinsky, 1958) , metabolic rates of glu cose and oxygen, and blood flow observed in the cerebral cortex contralateral to focal cortical dam age (for review see Feeney and Baron, 1986) ; in unilateral lesions of subcorticocortical projection systems (e.g., thalamo-or basalocortical), the CC was also thought to mediate the contralateral effects as a result of ipsilateral cortical hypometabolism (Girault et aI., 1985; Baron et aI., 1986; Cambon et aI., 1987; Kiyosawa et aI., 1989) . In favor of this hypothesis, Yamaguchi et ai. (1990) recently dem onstrated that anterior corpus callosotomy in ba boons induced a marked bilateral transient fall in cortical glucose utilization. Although it is possible that in our animals diaschisis could still have oper ated through the intact posterior one-third of the CC, the fact that the callosal fibers are mainly ho mologous (Innocenti, 1986) militates against this idea. Kiyosawa et ai. (1989) had suggested an alter-native, more specific mechanism for the contralat eral metabolic effects of unilateral NbM lesions, which involved the sparse contralateral NbM pro jections described in both rats and monkeys by Pearson et ai. (1983 Pearson et ai. ( , 1985 , but these fibers appear conveyed mainly by the Cc. Noncholinergic con nections linking both basal forebrains and traveling in the stria medullaris and the habenular commis sure have been reported recently in the rat (Semba et aI., 1988) . Our data suggest that the contralateral (metabolic) effects of NbM lesions in otherwise in tact animals involve interhemispheric commissures other than, or in addition to, the CC.
